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SYNOPSIS 
This fundamental fracture mechanics investigation has been concerned 
1-1i th studies of the propagation of brittle fractures in wide steel plates 0 In 
this investigation an attempt has been made to delineate many of the parameters 
associated with a propagating fracture, and in particular to study the strain 
field surro1IDding a propagating brittle fracture .. 
The experimental phases of the program involved tests of 3/4 in. 
thick structural steel plate specimens, either two ft or six ft in width. In 
most cases the plate specimens were stressed uniaxially to about 19,000 psi, 
cooled to about 0 dego F., and a fracture started with the notch-wedge-impact 
method of fracture initiation. Measurements of the strain distribution on the 
surface of the plate, and the crack speed, were made as the fracture traversed 
the plateo Of particular interest was the fact that for gages oriented per-
pendicular to the crack path near the fracture, the recorded strains remained 
elastic even though the peak magnitudes, in some cases, exceeded 5000 micro-
inches/ino The majority of the recorded fracture speeds ranged from 2000 to 
4000 :rps, al. though higher and lower values were observed in the course of the 
investigation. From the measured strain data it was possible to portray the 
strain distribution on the plate surface in the form of strain contours dur-
ing the time a crack was propagating. The studies indicated that for the 
particular specioen geometry used and associated test conditions, the strain 
field surrounding the tip of an advancing fracture remains essentially un-
changed after traversing about one-third the width of a six-foot wide plateo 
Late in the program exploratory studies were made of the propaga-
tion of brittle fractures in prestressed plates. The recorded fracture speeds 
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in these tests were much lower than any previously recorded in tests of 6-ft 
wide plates made as a part of this program; the measured speeds ranged from 
about 4000 fps in the region of high tensile strain near the initiation edge 
to as low as 50 fps in the compressive strain region. AlSOj studies of the 
strain response in this case showed that the peak strain magnitudes and the 
strain field associated with the moving crack tip diminished as the speed of 
the fracture decreased. The results of this series of tests indicated clearly 
that a residual strain field does have a marked effect on the initiation and 
propagation of a brittle fractureo 
From the analytical standpoint studies of plate response were under-
taken by representing the plate as a lattice-type structure, in which the 
plate was replaced by a series of perpendicular rigid bars connected at their 
points of intersection by a deformable node and interconnected at their mid-
points by a shear elemento Studies of plate response for both static loadings~ 
and symmetrical and unsymmetrical propagating fractures, were undertaken with 
the plate analog. Although the grid was rather coarse, as dictated by avail-
able computer facilities, the studies indicated that the lattice representa-
tion was a promising method of study1ngplate response during fracture prop-
agationo 
The more significant results of ~~e studies made as a p8-~ of this 
investigation are summarized in this final reporto A list of reports J papers 
and theses originating from the investigation is included at the end of the 
report 0 
As a result of the work on the noted program, a new study concerned 
with low-velocity fracture recently has been inaugurated under sponsorship 
of the Ship Structure Committee 0 
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BRITTLE FRACTURE PROPAGATION IN WIDE STEEL PLATES 
I" INTRODUCTION 
The widespread acceptance of steel as a structural material can be 
attributed largely to its mechanical properties. One of the most important of 
these properties is ductility) which permits inelastic deformation while re-
taining the useful load-carrying capacity of the member 0 Under certain con-
ditions the normal ductility of steel may not be developed, and the structure 
may suddenly, and without previous warning) fracture in a brittle mannero In 
many applications today, the probability of brittle fracture mqy be minimized 
by giving proper attention to such variables as type of material) geometrical 
layout, fabrication procedure, temperature and stress level" Also, in selected 
applications) it is now possible to effectively use crack arrestors, which Bay 
retard or stop the propagation of a brittle fracture 0 The above progress is a 
result of many years of extensive research; nonetheless, a clear understanding 
of the brittle fracture mechanism is still unavailable and needed for the 
eventual development of satisfactory design procedureso 
The object of this investigation was to study the propagation of 
brittle fractures in wide steel plates. More specifically it was plruL~ed that 
the investigation would delineate many of the parameters associated with a 
propagating fracture by studying the strain field surrounding a propagating 
brittle fracture" Such measurements were of particular interest because 
little of the brittle fracture work reported previously in the literature 
had included high-speed measurements during fracture propagation 0 
The experimental phases of the investigation involved tests of 3/4-
inc thick structural steel plates either 2-ft or 6-ft in widthe In the later 
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stages of the program, a few plates were tested in which there was a re-
sidual strain field of varying magnitude across the width of the plates. 
With the exception of a few of the latter tests, the test procedure con-
sisted of stressing the plates uniaxially to about 17,000 to 20,000 ksi, 
cooling the plates to the range of OOFo, and initiating the fracture by 
means of the notch-wedge-impact methodo Measurements of crack speed and 
surface strain were recorded electronically during fracture propagation to 
provide fundamental data of value in arriving at a better understanding of 
the phenomena associated with brittle fracture propagationo 
The analytical phase of the program consisted of developing an 
approximate method for studying plate response by representing the plate as 
a lattice type structure. This plate analog divides the plate into a series 
of rigid bars, each representing one-degree-of-freedom, and deformable con-
nections. Computer codes were developed for the calculation of statical and 
dynamical response, resulting from body forces or external forces. The stud-
ies showed that the model was able to represent a crack type of discontinu-
ity in a plate, and was able to provide a picture of the strain redistribution 
resulting from the release of internally stored strain energy as a crack was 
initiated. 
This final report of Project SR-l37 summarizes the major findings 
of the investigation. The results of the studies as a part of this program 
have been reported in six sse Reports, four published papers, and six theses, 
as listed in the Bibliography ° For more detailed information on any partic-
ular phase of the program, the reader is referred to these references. 
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IIo EXPERIMENTAL INVESTIGATION 
1. Initial Exploratory Tests 
The initial phase of this investigation consisted of developing a 
test which would enable strain and speed measurements to be made on the sur-
face of a plate while a brittle fracture propagated across a plate, and at the 
beginning was a joint effort with another related program concerned with the 
evaluation of crack arrestors (Ship Structure Committee Project SR-134). Four 
items that required early consideration were crack initiation, specimen coal-
ing, instrumentation, and specimen geometry. 
Two general methods of crack initiation were investigated. One in-
volved an explosive device (the powder-detonator bolt) and the other involved 
the notch-wedge-impact system, a method similar to that developed by other 
investigators. Although attractive for several reasons, the detonator bolt 
method failed to initiate any fractures and thus was dropped from further con-
sideration. As a result, the notch-wedge-impact method of fracture initiation 
has been used for all plate tests in this program to date. In this scheme a 
piston, which is mechanically restrained during pressurizing of a gas chamber 
and manually released at the time of firing, drives a wedge into a prepared 
saw .... cut notch in the edge of the plate specimen.. As a result of the early 
test work with this impact ~evice, it was decided to use an energy input 
sufficient to insure initiation but low enough so that the plate behavior 
was not markedly affected. The actual energy input used for all major tests 
made as a part of this program was about 1000 ft lbs .. 
Studies revealed that the most efficient method for cooling a plate 
specimen to the desired test temperature consisted of placing crushed dry ice 
in wooden containers that fitted alongside the specimen. This cooling pro-
cedure was used for all the major tests made as a part of this program. 
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In order to obtain a measure of the crack speed} it appeared that the 
best available method would consist of placing detectors (conducting strips or 
wires mounted ~erpendicular to the expected crack path) on the surface of the 
specimeno The breaking of the detectors would be monitored on a recording 
instrument to obtain a measure of the time required for the crack to propagate 
from one detector to the next . With a knowledge of the time of breaking and 
the distance between the detectors} the crack speed could be computed. Several 
types of detectors were investigated and it was finally decided that Baldwin 
SR-4 Type A-9 strain gages (single wire, 6 in. gage length) would be used for 
crack detectorso Although they were somewhat more ductile than other detectors 
studied, it was felt that the greater ease of application and smaller variation 
of dimensions and properties of these strain gages made their use desirable 0 
Baldwin SR-4 T,ype A-7 strain gages (1/4 ino gage length) were used for the 
measurement of strain on the surface of the plates during the time a crack was 
propagating; 'where strain rosettes were used, these were made .... up from individ-
ual strain gages. In the early tests several different types of strain gages 
were used, but studies indicated that the easiest and most desirable arrange-
ment resulted from using the gages of the type notedo The details of the 
various types of sensing devices and recording instrumentation tried may be 
found in sse Report 111(1)*. In general, the recording was done on oscil-
loscopes using either fixed or moving film cameraso 
When the development work had progressed to a satisfactory stage} 
a series of tests of 2-ft wide specimens was madee These tests are listed 
as Tests 1 through 11 in Table 1 and involved the surface measurement of 
crack speed and strain distribution while the fracture was propagating across 
* Numbers in parentheses refer to the Bibliographyo 
5 
the plate. The results are reported in sse III and may be summarized briefly 
as follo1vs: 
ao Crack speeds were recorded in the range of 1150 to 5900 ~eet 
per second" 
be> Absolute peak elastic strains as high as 2500 micro inche s/!no-
in :terisi6n- were--re_cordedinthe :viCinity of -the fracture.-
c. For the vertically oriented strain gages J as the vertical dis--
tance from the fracture to the gage increased, the magnitude of 
the peak strain decreased, and the pulse time increased" 
do No particular correlation of crack speed with texture was noted 
in this series o~ tests. 
e. A sizeable delay in the time necessary to start propagation was 
noted for cracks initiated in the vicinity of a sheared edge" 
20 S:Lx-Foot Wide Plain Plate Tests 
After the general test procedure and reliable measuring techniques 
were developed from tests of two-~oot wide plates as just described, tests of 
six~foot wide plain plates were conducted in order to obtain speed and strain 
records for a crack propagating across a greater width of plate. The test 
conditions and results are summarized in Table 1, as Tests 12 through 390 In 
general, the plates were tested with an average applied stress of 15 to 20 ksi, 
at a temperatu:e of ab~ut OOFo and vlith the notch-wedge-impact method for 
fracture initiation. An overall view of a six-foot wide specimen in the 
3,OOO,000-lb testing machine with the cooling tanks and initiation device in 
place is shawn in Fig. 1. 
A typical instrumentation layout and the strain-time records for one 
specimen are shown in Fig" 20 In the strain-time plot, zero time corresponds 
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approximately to the time of fracture initiation 0 The initial strain values 
correspond to the strain resulting from the applied test loado Vertically 
oriented strain gages in front of the crack indicated that there was neg-
ligible strain redistribution on the section of the plate ahead of the crack; 
also, beyond the center of the plate the maximum strain values did not appear 
to increase with increasing crack length 0 
In this series of tests, the majority of the strain and speed meas-
urements were made in the immediate vicinity of the fracture path.. Strain 
magnitudes as high as 3600 microinches/ino were measured on the plate surface 
near the fracture with negligible permanent set remaining af'ter fracture, i 0 eo, 
the exhibited response was elastic 0 In general, the nearer a vertically 
oriented strain gage was to the fracture path, the sharper and greater the 
magnitude of the strain pulse; as the distance increased the strain pulse ex-
tended over a longer period of time, but the precise shape of the pulse de-,.. 
pended on the distance from the fracture path. Fracture speeds ranging from 
1800 to 7550 fps were measured in these tests, with 75 percent of the speed 
values within the range of 2100 to 3900 fpso 
Striking tests conducted at room temperature, in which the specimens 
-were subjected to the :full impact energy but did not fracture because of the 
higher test temperature, indicated that the strain response resulting from the 
wedging action was relatively small when compared to the strain response re-
corded during a fracture test. Thus J although the records indicated the impact 
was felt throughout the entire plate, it appeared that the strain in regions 
other than in the immediate vicinity of the notch was not materially affected 
by the wedging action. 
With the acquisition of an additional 25 channels of cathode ray os-
cilloscope recording equipment on loan from the Naval Research Laboratory, it 
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was possible to study in more detail the strain field associated with a prop-
agating brittle fracture 0 In this phase of the investigation eleven rectang-
ular strain rosettes were mounted on the surface of each plate specimen in 
order to determine the magnitudes and directions of the principal strains in 
the vicinity of the fracture.. From Tests 33 through 39 (Table 1) sufficient 
data were obtained to establish the characteristics of the strain fields sur-
rounding the propagating fracture. The results discussed below were based 
primarily on Tests 33, 34, 37, 38, and 39J although data from all tests made 
as a part of this program was used directly or indirectly in arriving at the 
strain contours as noted latero 
A typical instrumentation layout and a photograph of the fractured 
portion of one of these specimens is presented in Figo 3. In general, the 
fracture paths in each test curved upward from the initiation edge and then 
remained essentially straight while traversing the rest of the plate; rarely 
did the fracture rise above the notch line (an imaginary horizontal line con-
necting notches on opposite edges of the plate) as much as the fracture shovID 
in Fig. 30 Portions of the. fracture surfaces exhibited a coarse texture with 
the usual herringbone pattern while in other regions, usually near the initia-
tion edges, the texture was quite smooth .. 
Strain-time traces for three rosettes of the specimen shown in 
Figo 3 are presented in Fig. 40 In this figure zero time corresponds approx-
imately to the time of fracture initiation.. The initial strain values cor-
respond to the strain resulting from the applied test load 0 The vertical and 
diagonal comvonent gage traces of each rosette exhibit a general shape char-
acterized by a slight decrease and then a fairly steady and rapid increase 
in strain to a maximum value as the fracture propagates past the gage.. The 
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peak is followed by a decrease to a strain level associated with the removal 
; 
of external load.. ..As may be seen in Fig.. 4, the pulse is very sharp· for gages 
located close to the fracture; for gages located away from the fracture the 
peak strain is of a lower magnitude and the pulse extends over a longer timeo 
The horizontal gage traces are characterized by three major changes 
in strain 0 The strain trace first exhibits an initial relaxation of compres-
sive strain followed by a compressive pulse corresponding to the tensile peak 
of the vertical gage. Finally, the trace exhibits another relaxation of com-
pressive strain before leveling off at the final strain value.. The strain-
time traces shown in Fig. 4 are representative of all the strain records ob-
tained as a part of this investigation. 
The crack speed detectors were used to measure the approximate sur-
face fracture speed and to aid in determining the location of the surface frac-
ture at any time" For the fiYe major tests cited, the recorded fracture speeds 
ranged from 1850 to 4750 fps, with an average fracture speed of 2700 fps in 
the region where the rosettes were located. 
T,ypical principal strain curves for three rosettes are presented in 
Fig. 40 In general, the maximum principal strain trace for each rosette is of 
essentially the same shape and magnitude as the vertical component gage trace 
shown in the same figure; this merely indicates that the strain in the vertical 
direction is dominant 0 Most peak strain values fall in a range between 800 
and 3000 micro inche s! in.D, although ;several .values as high as ·5000 ml.croinches/ inc 
were recordedD The minimum principal strain traces are of much lower mag-
nitude and resemble the horizontal gage strain traces. 
For rosettes located close to the fracture path, the magnitude of 
the strain peak is relatively largeo As the vertical distance between a 
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rosette and the fracture increases the peak principal strain magnitude de-
creases rapidly up to a distance of about 2 ino This may be seen clearly in 
Figo 4, and in Fig. 5 in which the peak maximum principal strains are plotted 
against vertical distance between the rosette and the fracture 0 It should be 
noted that in all cases, even in the case of very high vertical component 
gage strains, the exhibited response was elastic with negligible permanent set 
remaining after fracture. 
The maximum strain rates, as measured by the slope of the strain -t:ime 
trace of a gage during peaking, were computed for all vertically oriented gages. 
Strain rates ranged from 1 to 109 ino/ino/seco, and as would be expected, the 
highest strain rates were obtained for gages closest to the fracture. Although 
the scatter was fairly large, typical strain rates were 20 and 5 ino/ino/ seco 
for gages 1- and 3-in. from the fracture, respectively. 
In order to portray the strain distribution on a plate surface dur-
ing the time a crack is propagating, data from several tests that were con-
ducted under identical test conditions were superimposed to permit the plot-
ting of contours of maximum principal strain for various surface crack lengths. 
The procedure used in superimposing the results from several tests is discussed 
in detail in Reference 4. 
Maximum principal strain contours for various crack lengths are pre-
sented in Fig. 6. In the contour for a 22-ino crack, the magnitudes and direc-
tions (shown as short straight lines) of the maximum principal. strains are 
shown at their respective locations on the plate layout. The individual strain 
values are not shown for the other crack lengths in order to simplify the 
drawings.. The contour interval selected for the plots was 200 to 400 micro-
inches/in., and the strain contours are plotted. in_terms of absolute 
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strainJ that is, with respect to the as-rolled conditiono Thus} the 600 con-
tour for maximum principal strain corresponds approximately to the initial 
applied stress of 19JOOO psio The data shown in Figo 6(c) for the 22-ino 
crack were obtained from strain data similar to those of Figo 4, and are 
presented in Reference 40 
Since the strain-time traces for single vertically oriented gages, 
and maximum principal strains are similar, as noted earlier in the discussion 
of Figo 4, it was possible to use the results of all earlier tests conducted 
as a part of this investigation in developing the strain contour patternso 
Thus, in spite of the limitations imposed by the procedure of superimposing 
data from similar tests and the variations in strain data as may be noted in 
Figo 6(c)J based on the large amount of data available it is believed that 
the strain contours presented are representative of the strain distribution 
surrounding the tip of a brittle crack propagating in a wide steel plate for 
the test conditions usedo 
For the majority of the rosettes, as the fracture approaches the 
rosette, the direction of the maximum principal strain rotates slightly so 
that it points toward the approaching fracture~ and follows the fracture for 
a short time as it goes by the gage positiono The direction of the maximum 
principal strain more or less retains a vertical orientation. Values of e 
for € as indicated by the slope of the short straight lines in Figo 6(c) 
max 
illustrate this general trend. 
For an 8-ino crack (Fig. 6)j the shortest crack length for which 
cont~urs have been plotted, it will be noted that the increase in strain 
directly above and below the fracture tip is small in comparison with strain 
changes for longer crack lengths 0 The small changes in strain e.xhibi ted by 
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the rosettes located only 8-ino from the initiation edge attest to the fact 
that the notch-wedge-impact method of fracture initiation has little effect 
on the strain distribution in a wide plate in regions away from the notch 0 
The change in strain distribution as the crack length increases 
may be seen clearly by comparing the contours for crack lengths of 8-ino, 
15-ino, and 22-in" .AI3 the crack length increases it will be noted that the 
magnitude and extent of the strain field associated with the crack tip like-
wise increases. For crack lengths in excess of 22-ino, the extent of the 
strain contours ahead of the fracture increases only slightly with increasing 
crack length and the strain field surrounding the advancing crack tip remains 
essentially unchanged" Strain contours for crack lengths between 22-in. and 
43-ino are not shown but are essentially the same as the contours for either 
the 22-in .. or 4}-ino crack length. Thus, for this particular specimen geometry, 
apparently the prop~gating brittle fracture reaches more or less a "steady 
state Wt condition after traversing a distance of about 22-ino 
The major portion of the strain field associated with the propagating 
brittle fracture extends only about 8-10-L"'1o directly ahead of the fracture .. 
The main changes in strain occur above and below the fracture tip and slightly 
ahead of it; behind the fracture front the strains decrease rapidlyo All 
strain contours appear to converge toward the fracture front.. Although ex-
tensive strain measurements were not obtained at distances far above and be-
low the fracture, the available data indicate that the contours are symmetrical 
about the fracture path. 
A set of typical maximum principal strain contours for a crack 
length of 22-in .. to 50-ine is presented in Fig. 7; these contours are baSed 
on the results presented in Fig" 8 for a 22-ino crack and a 43-in. crack, and 
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for strain contours for other crack lengths between 22-ino and 50-inc as pre-
sented in Reference 4.. For the geometry and test conditions used herein these 
strain contours are considered to be representative of the strain field asso-
ciated 1vith the surface crack tip for crack lengths of 22-ino to 50-ino 
Contours for vertical strain, and maximum shear strain, also were 
plotted as a part of this study but have not been presented. .As would be ex-
pected, the vertical strain contours are qUite similar to the principal strain 
contours.. The variation in maximum shear strain with distance from the crack 
path is less clearly defined than the variation for the principal strains be-
cause the maximtml shear strain is more dependent upon the somewhat erratic 
horizontal strain readings than is the principal strain 0 However, in spite of 
the somewhat non-uniform nature of the shear strain contours, they are similar 
in shape to the principal strain contours, and likewise similar to those ob-
served in photo-elastic studies .. 
30 Prestressed Plate Tests 
All of the tests described previously were conducted on specimens in 
which the only major stress present was that resulting from the externally 
applied load.. Tbe series of tests described in this section, identified as 
Tests 40 through 48 (Table I), were conducted on both 2-ft and 6-ft wide plates 
in which residual stresses were present. The purpose of the tests was to in-
vestigate the effects of a residual strain field on the propagation of a 
brittle fracture. 
Preliminary studies were carried out on 2-ft wide steel plates in 
which the residual strain field was produced both by flame heating and water 
quenching areas along both edges of the plate and also by welding tapered 
slots cut perpendicular to the edges of the plate. Although a high residual 
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compressive strain could be produced in the central portion of the plate by 
heating and quenching, the resulting longitudinal strain gradient across the 
plate was not considered to be desirable for this series of tests. However, 
the method of welding tapered slots did produce a satisfactory residual strain 
pattern consisting of high tensile strains reaching yield point magnitude at 
the edges of the plate and a fairly uniform compressive strain field throughout 
the central portion. The longitudinal residual strain distribution for Tests 40, 
41 and 42, produced by welding tapered slots, is £hown in Fig. 80 
Brittle fracture tests were conducted on three plates (Tests 40, 41 
and 42) in which the residual strain field was produced by welding tapered 
slots. The specimens were instrumented with strain gages and crack speed de-
tectors to permit determination of strain response and fracture speed during 
the testo Using the standard test procedure described earlier, brittle frac-
tures were successfully initiated in all specimens; a complete fracture of the 
plate resulted in one specimen tested at 12,000 psi, while in the other two 
specimens J tested at only 2000 psi, the fracture arrested in the compressive 
strain regiono 
The results of these preliminary tests showed that brittle fractures 
could be initiated in a region of high residual tensile strain with an ex-
tremely low applied stress. Also of interest was the fact that the residual 
compressive strain field caused an appreciable decrease in the fracture speed 
as the fracture propagated into the compressive strain region and also caused 
a marked reduction in the strain field associated with the moving crack as 
evidenced by the lower peak strain magnitudes recorded in the compressive strain 
regiono The instrumentation layout and strain-time records from Test 40 are 
shown in Figo 9. 
14 
In the series of tests on 2-ft specimens, the instrumentation was 
not sufficient to allow a thorough study of the speed and strain responseo 
Also the magnitude and extent of the strain field produced in the plates were 
necessar~ limited by the size of the specimens and it was not possible to 
easily separate the effects of the various parameters involved. It was be-
lieved, as later results verified, that similar tests conducted on 6-ft wide 
plates would facilitate a study of the factors influencing the propagation of 
a fracture through a residual strain field& 
For the next phase of the investigation six specimens were prepared 
from a semi-killed steel plate material 3/4-in. thick and 72 ino wide 0 These 
specimens were designated as Tests 43 through 48 (Table 1). Five of these 
specimens (Tests 43, and 45 through 48) were prestrained by welding tapered 
slopts cut in the edges of the plate. A photograph of the tapered slots at 
one edge of a plate may be seen in Fig. 10. The sixth specimen, Test 44, was 
a plain plate specimen tested in conjunction with the prestrained specimens to 
aid in evaluating the effect of the initiation procedure. The measured longi-
tudinal residual strain distribution in each specimen resulting from the weld-
ing of the tapered slots is shown in Figo 110 As may be noted from the figure, 
thE residual strain patterns for all specimens are similar as to extent and 
magnitude; at the edges of the specimens the residual tensile straLn was of 
yield magnitude and across the central portion of the plate there was a fairly 
uniform compressive strain regiono 
Brittle fractures were successfully initiated in all prestrained 
specimens tested, even those in which no external load was employed. In 
Tests 45 and 46, in which a small load was applied, complete fracture re-
sulted while in the remaining three prestrained specimens tested at zero 
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applied load, the fractures arrested in the compressive strain regiono For 
comparison, in the earlier 6-ft wide plain plate tests in which there was no 
residual strain field, an average applied stress in excess of 15,000 psi was 
necessary to insure initiation under similar test conditions 0 The fact that 
brittle fractures could be consistently initiated in the prestrained specimens 
with no external applied stress seems to indicate that residual tensile strains 
are an important factor in the mechanics of initiation and propagation. Even 
though the impact of the wedge contributed somewhat to initiation of the frac-
tures in all of the 6-ft wide prestrained plate tests, it should be noted that 
in the absence of a residual strain field and with no applied load, the impact 
of the wedge is insufficient in itself to start a fracture. This fact was 
illustrated by the results of Test 44, in which a plain plate specimen, similar 
in geometry to the prestrained specimens, was tested under conditions identical 
to those of Test 43, except that no residual strain field was present. Using 
the same initiation technique, no evidence of any fracture was observed 0 
While the residual tensile strains materially aided fracture initi-
ation and propagation, the residual compressive strain field in the central 
portion of the test specimen had just the opposite effect on the fracture 
characteristics 0 In addition to causing greatly reduced speeds throughout 
the central portion of the plates and a contraction of the strain field sur-
rounding the moving crack tip, the compressive strain field also acted as an 
arrestor, completely arresting the fracture in Tests 43, 47 and 48 and slowing 
the fracture almost to the arrest pOint in Tests 45 and 46. 
The fracture speeds in the compressive strain region were consider-
ably lower than those recorded earlier on tests of 6-ft wide plain plate 
specimens 0 A plot of detector location versus detector breaking time for a 
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typical prestrained specimen and, for comparative purposes, for a typical non-
prestrained plain test is given in Figo 120 The prestrained plate, Test 46, 
had an external applied stress of approximately 3000 psi while the plain plate 
specimen, Test 37, had an external applied stress of 19,000 psio In Fig. 12 
the slope of the curve is a measure of the fracture speed at any particular 
time 0 The recorded fracture speeds ranged from 3000 to 4000 fps in the initi-
ation region to as low as 50 to 100 fps in the compressive strain regiono 
In general, a brittle fracture propagated across the entire width 
of a non-prestrained plate in approximately 3 milliseconds while a complete 
fracture of a prestrained specimen required as much as 25 milliseconds or more. 
It seems likely that the extent and magnitude of the residual compressive strain 
field in its initial state was sufficient for arrest in every test after the 
fracture had propagated well into the compressive strain region; however, for 
the two specimens which were tested under a small external load, the length of 
time required for fracturing was apparently long enough to permit redistribution 
of load and thus sustain propagationo 
The effect of the residual strain field on the propagation character-
istics also was apparent from the dynamic strain records obtained during the 
testso The strain-time traces recorded from the various tests were similar 
and a typical set of strain-time traces taken from the records of Test 46 are 
shown in Fig. 130 The traces shown are for vertically oriented strain gages 
located at the positions indicated in Fig. 14; in Test 46 the fracture prop-
agated completely across the plateo The traces for gages located in the 
initial tensile region eXhibited the usual response of vertical gages, ioe., 
a sharp elastic tensile strain peak as the fracture propagated by the gage 
and an ~ediate return to the approximate zero level of the gage. A trace 
of this type is illustrated by the response of gage 5 in Fig. 13. As the 
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fracture propagated into the compressive strain region, the peak magnitude 
of the recorded strain decreased. Strain gages located in the central re-
gion of relatively low compression exhibited a response similar to that of 
gage 5 but with greatly reduced peak magnitudes; a relaxation was often noted 
before the gage peaked into tensiono For those gages located in the compres-
sive strain region the width of the strain pulse increased noticeably, averag-
ing approximately 105 milliseconds as compared to a pulse width of about 001 
milliseconds for gages in the region of high tensile strain. The width of the 
strain pulses became progressively wider for gages located toward the far edge 
of the plate, sometimes having a width as great as 5 milliseconds; the pulse 
shapes were similar to that of gage 14 in Fig. 130 The fact that the gages 
farthest from the initiation edge exhibited the greatest relaxation :indicates 
that there was a marked bending relaxation in the plane of the plate which was 
associated with the low velocity fractureso This may be seen from the traces 
of gages 12 and 14 in Fig. 13. 
The fact that the peak strain magnitude decreased as the propagating 
fracture slowed down indicates that the moving strain field associated with the 
tip of the crack was diminshed by the residual compressive strain field in 
the plateo The strain-time records from the specimens in which the fracture 
propagated completely across the plate show this effect most clearly since in 
these tests dynamic measurements were recorded across the entire plate width; 
however, this effect also was evident even in the case of the specimens in 
which the fracture arrested. Gages located two inches above and three inches 
below the fracture tip in the region where the fracture arrested showed no 
noticeable response, and gages located less than one inch from the fracture 
tip in the same region showed only a very small peak as a result of the 
fracture. 
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The crack path for all specimens was similar to that observed in the 
earlier plain plate tests in that it remained essentially flat in its travel, 
but exhibited a symmetrical variation that may have been influenced by the 
direction of the principal strain; the crack path for Test 46 is shown in 
Figo 140 The texture of the fracture surface was noticeably different in 
regions of high and low speeds 0 In every test the surface texture had a 
rougher appearance in the vicinity of the initiation edge where the highest 
speeds were recorded. Throughout the compressive strain region the texture 
was very smooth and remained smooth as long as the speed was lowo The smooth 
texture observed in the region of low speed was even more evident when compared 
to the texture of high speed fractures in the 6-ft wide plain plate specimens. 
Photographs of typical fracture textures in regions of both high and low speed 
are shown in Fig. 15. On the basis of this series of tests it may be stated 
that the smoothest crack textures seem to be associated with the slower speeds 
while the rougher textures occur in the region of higher speed. 
Tests 47 and 48, in which the fracture arrested, were cut longi-
tudinally beyond the tip of the fracture and subsequently pulled apart to 
permit examination of the fracture texture and particularly the region of 
arresto The texture of the fracture surface was essentially the same as 
that observed in the specimens which fractured completely with the rougher 
texture occurring near the initiation edge where the highest speeds were re-
corded. Examination of the arrest region revealed that the interior frac-
ture extended only a fracture of an inch beyond the visible surface fracture. 
The arrest region of Test 48 is shown in the photograph of Fig. 160 
IIIo STUDIES OF PLATE RESPONSE BY MEANS 
OF A· LATTICE REPRESENTATION 
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The behavior of a continuous media can be approximately represented 
by a lattice system consisting of a combination of rigid bars, deformable con-
nections, and springs. Systems of this type are often helpful in arriving at 
an approximate solution for problems in which it is difficult or impossible to 
apply classical methods of analysiso Such a model can be used for investigat-
ing strain wave propagation in two dimensions and for investigation of the 
transient strain redistribution associated with a crack that propagates in 
finite jumps. The type and arrangement of the lattice system is determined by 
the type of problem to be solved and the requirements of compatibility, equilib-
rium, and boundary conditionso In general the accuracy with which the lattice 
system reproduces the actual behavior of the continuous media improves as the 
number of units in the lattice increases 0 There is a practical limit on the 
number of lattice units which may be considered depending on the computational 
facilities at hand. 
The particular lattice system used in this study was suggested by 
Professor N. M. Newmark, and provides an easily visualized model for dynamic 
analysisc This lattice, shown in Figp 17, was obtained by considering the 
plate to be replaced by a series of perpendicular rigid bars connected at 
their points of intersection by a deformable node and interconnected at their 
mid-points by a shear type device which provides restraint against changing 
the original square configuration to a parallelogram. The elastic or inelastic 
properties of the material were concentrated in the deformable nodes in the 
case of the normal strains and in the shear connection in the case of shear 
strains. The mass of each of the rigid bars was equal to that of a piece of 
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the plate having dimensions A by A in the interior and A by 1/2 at the edge. 
It is thus seen that the total mass was actually represented twice in order 
to define inertial body forces in two directionso 
Displacements of the lattice were only defined at the mid-points 
of the rigid bars. Normal stresses and resulting forces were confined to nodes 
and acted, on the ends of the bars while shear forces resulting from shear stresses 
acted at the mid-points of bars. Equations expressing the elastic behavior of 
the model under plain stress conditions were developed for both static and dy-
namic conditions. 
Several statically loaded plates were analyzed with lattice models 
having different numbers of sub-divisions. One case, a square plate loaded 
with parabolically distributed end tension, was solved by an energy method and 
with a lattice model having three different sizes of sub-divisions. Averaged 
energy method stresses were compared to stresses calculated in the lattice 
model, and it was found that the lattice model gave excellent results. One of 
the greatest difficulties encountered with the lattice model was that of dupli-
cating the boundary deformation where the end loads were applied. The finer 
sub-division of the lattice model produced a better approximation of the loaded 
boundary deformation as well as giving more accurate results at other points 
of the lattice model. 
Two examples were worked with concentrated effects, one with a plate 
with a pair of concentrated loads, and another plate containing a crack or 
pair of cracks; the results of these studies showed that the lattice model 
represents the strain distribution associated with such effects but that if 
steep strain gradients are involved, a finely divided lattice model is re-
quired to give satisfactory representation of the strain gradients. These 
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studies also were made :Rox the purpose of getting some indication in the change 
of representation of strain distribution as the number of model sub-divisions 
changed 0 
The differential equations expressing the dynamical behavior of the 
lattice model were developed by adding a time dependent term to the static 
equilibrium equations of the lattice modelo Application of these equations to 
a steady-state condition, and the calculation of natural frequencies of lattice 
models, were studied. Two methods of numerical integration were used in the 
analysis of crack propagation in lattice models, both of which gave essentially 
the same results after a small number of time intervals 0 The computer used for 
the integration of the differential equations expressing the transient behavior 
of the lattice model could not be used for lattices having more than forty bars 
without the calculation time becoming excessive. A lattice model with only 
forty bars is much too coarse to adequately represent the steep strain gradient 
associated with the crack and therefore such a coarse lattice can only give a 
rough qualitative picture of the transient strain redistribution associated 
with crack propagation. In spite of the coarseness of the lattice model used, 
a general picture of the transient strain redistribution was given by the 
lattice model. 
As an example of the results that can be obtained with this repre-
sentation, some of the results for an unsymmetrical crack propagation study 
are shown in Fig. 18, 19 and 200 In this particular example, the crack 
propagated in four jumps j starting at the le~hand edge of the lattice shown 
in Figo 17 and extending to the right-hand edge of the lattice modelo The 
crack was started by separating the first node in Figo 17 at time zero 0 After 
successive intervals of 0018 milliseconds, the second, third and fourth nodes 
were separatedo Typical strain time curves in the x and y directions are 
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shown in the figures for nodes 3, 4, 7, 8,' 13 An~ 14 as noted on Figo 17. It 
will be seen by examining Fig. 18 that in the nodes ahead of the crack in the 
lattice model the vertical strain increased in value as the crack approached 
the node until the node was separated to extend the crack. Nodes 3 and 4, 
shown in Fig. 18, exhibited a slight relaxation of the initial positive 
vertical strain before the increase resulting from the approaching crack. 
For points situated in the interior of the lattice model and above the crack 
path, the vertical strain traces showed only a slight peaking and oscillations 
began shortly after the first small peaks occurred. After the crack had passed 
beneath one of the nodes, the strain values began to relax and release stored 
strain energy in the form of strain waves that eventually reflected from the 
lattice model boundaries. After a period of time the strain values all os-
cillated within the spectrum of the natural frequencies of the lattice model 
as strain waves reT~ected and re~reflected in the lattice model boundaries. 
The hor~zantal strains as may be seen in Fig. 18-20 went from a 
negative value to a positive value as the crack approached and passed one of 
the nodes. This create~ a zone of bi-axial tension ahead of the crack. There-
after there were definite oscillations noted in the horizontal strain tr~ces 
much in the same manner as noted for the vertical strain traces. 
The lattice model indicates a general picture of the strain redistribu-
tion associated with crack propagation as follows: a tension pulse is generated 
when strain energy is released as a result a c~ck formation, and this pulse 
propagates away from the source, creating a new zone of bi-axial tension ahead 
of the crackeo As the crack approaches a particular point the shear strain be-
comes positive in value and then decreases in value as the crack goes past. 
Because the lattice model used is purely elastic and dissipates no energy, the 
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strain energy released by the crack formation must be stored in the lattice 
model as kinetic energy of the bars and changes in strain of nodes and shear 
points. After the initial pulse resulting in separation of a node is passed, 
the bars of the lattice model develop anoscil~atory motion because of strain 
reflection from the boundarieso 
Another problem solved by this method was that corresponding to 
symmetrical crack propagation, and in general the results of this study were 
similar to those for the one just noted. 
As a result of these studies it was concluded that the lattice rep-
resentation can be used for the investigation of strain wave propagation prob-
lems in two dimensionso The use of the lattice model method of analysis is 
contingent upon the availability of a large high speed digital computer. It 
was not possible, with the computer available,to use lattice models having 
very many bars, and only a crude picture could be formed of the transient 
strain distribution in a plate with a propagating cracko When larger and 
faster computers become available, the lattice analog for investigating tran-
sient strains associated with a propagating crack can be used to theoretically 
investigate different aspects of the fracture process in a plate by assuming 
fracture criteria for nodes in the lattice model and determining whether a 
fracture would propagate or arrest. The fracture criteria assumed could 
include internal damping, strain rates, strain magnitudes, non-linear stress-
strain relationships and previous deformation historyo A complete description 
of the theory and the results of the lattice model studies are presented in 
Reference 50 
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TABLE 1 
OUTLINE OF TESTS - INITIAL EXPLORATORY TESTS 
Test Average Stress Average 
Noo on Net Section Test Tempo Remarks 
(ksi) (F) 
Tests conducted with 3/4-in. thick by 2-ft wide specimens of 
rimmed steel, (See Reference 1)0 
1 2500 13 Complete fracture. Good 
Record. 
2 16.0 -1 Complete fracture. No 
instrumentation 0 
3 1400 0 Submerged crack 4.5 in .. long. 
No instrumentation. 
4 16 0 0 20 Submerged crack 1 in. long. 
No instrumentation. 
1700 20 Submerged crack 2 ino longo 
No instrumentatione 
5 1800 1 Complete fracture. Record 
good for the part that exists. 
6 18.0 0 Complete fracture. Record 
poor. 
7 18.0 1 Complete f'racture. Good 
recordo 
8 18.0 
-3 Complete fracture. Fair 
record. 
9 18.0 -2 Complete fracture .. Record 
lost with the exception of 
one strain channel 0 
10 1800 
-5 Complete fracture .. Good 
record. 
11 18 .. 0 
-5 Complete fracture. Fair 
record. 
Test 
No. 
TABLE 1 (Continued) 
OUTLINE OF TESTS - SIX FOOT WIDE PLAm PLATES 
Average Stress 
on Net Section 
(ksi) 
Average 
Test Temp. 
(F) 
Remarks 
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Tests conducted with 3/4-in. thick by 6-ft wide specimens of 
rimmed steel (For Tests 12 through 32, see Reference 2)0 
12 20 .. 0 -10 
13 20.0 o 
14 -8 
15 -5 
16 
17 74 
18 8 
19 -7 
20 o 
21 
22 -10 
Complete fracture. Record 
lost. 
Complete fracture 0 Good 
Record. 
Complete fracture. Record 
extremelY P09r, considerable 
noise. 
Complete fracture.. Fair 
record .. 
Room tempo No record obtained. 
Submerged crack 1/2-in. long. 
Room temp.. Good record. Crack 
3/8-ino long on east side and 
1!8-in. long on west side. 
Good record. Submerged crack 
2-in. longo Essentially a 
striking test at low tempo 
Complete fracture. Good 
record. 
Complete fracture. Record 
lost.. Evidence of branching 
at center of plate. 
Room temp.. Good record.. No 
submerged crackso 
Complete fracture. Good 
record. 
Metz Reference ROOmtmeft~ 
E in~ering De~ar Civil ng ~ B ilding 
Bl06 ~.E. OfUIllinoiS un1vers~ty 6l80~ 
Urbana" 1.11inoiB 
Te'st' 
No .. 
23 
24 
25 
29 
TABLE 1 (Continued) 
OUTLINE OF TESTS - SIX FOOT WIDE PLAIN PLATES 
Average Stress 
on Net Section 
(ksi) 
18 0 0 
1800 
Average 
Test Temp .. 
(F) 
-ll 
5 
2 
Remarks 
Complete fracture. Good 
record, except part was lost. 
Complete fracture~ Record 
quali ty excellent , validity 
questionable. 
Complete fracture. Record 
quality excellent, validity 
questionable .. 
The following series o~ four tests were conducted on 6-ft wide 
semi-ki~led steel specimens with no instrumentation. 
26 
27 
28 
29 
30 
31 
32 
-1 
5 
-4 
-2 
No submerged cracks. 
Complete fracture. 
Complete fracture. 
Complete fracture. 
Instrumented tests resumed on 6-ft wide rimmed steel specimens. 
18 .. 0 78 Room temp., Good recordo No 
submerged cracks .. 
1800 
-3 Complete fracture~ Good 
record. 
1800 -1 Prestrained specimen. Com-
plete fracture. Good record. 
With the exception of Test 35, which was tested in conjunction 
with Project SR-134, all tests were conducted on 3/4-in. thick by 6-ft 
wide semi-killed steel plate specimens (See Reference 4). 
33 o 
o 
Complete fracture--good 
strain records obtained 
from 7 rosettes. 
Complete fracture--good 
strain records obtained 
from 10 rosettes. 
Test 
'Noo 
35 
37 
39 
30 
TA:BLE 1 (Continued) 
OUTLINE OF TESTS - SIX FOOT WIDE PLAIN PLATES 
Average stress 
on Net Section 
(ksi) 
28.0 
Average 
Test Tempo 
(F) 
-15 
-10 
-8 
-6 
Remarks 
Plate specimen composed of 
56-in. starter strake of 
rimmed steel, 4 ino strake 
of T-l, 20-in. strake of 
rimmed steel, and a l2-in. 
strake of T-l steelo Specimen 
was 27 in. long. Fracture 
arrested at leading edge of 
final T-l strake. Initial load-
1475. Final 10ad.--85 kips. 
Good strain records obtained 
from 4 rosettes. 
Complete fracture--fair strain 
record obtained from 11 rosettes. 
Double fracture last two-thirds 
of plate widtho 
Complete fracture--good strain 
records obtained from 11 
rosettes 0 
.. eomp3::ete~rae1J11Te- ... ge0ast?aiE 
records obtained from 11 
rosettes. 
Complete fracture--good strain 
records obtained from 11 
rosettes. 
Test 
Noo 
TABLE 1 (Continued) 
OUTLINE OF TESTS - PLATES WITH A RESIDUAL STRAIN FIELD 
Average Net 
Applied Stress 
(ksi) 
Average 
Test Tempo 
(F) 
Remarks 
31 
The residual strain field in these specimens was produced by weld-
ing tapered slots cut in the edges of the plate. These tests were conducted 
on 3/4-ino thick by 2-ft wide steel plates (See Reference 3 or 8)0 
40 -32 
41 
-9 
42 
-5 
Killed and normalized steel; 
complete brittle fracture; 
low fracture speeds recorded. 
Rimme.d steel; lO-in. brittle 
fracture. 
Rimmed steel; 9 1/2-ino 
brittle fracture. 
These tests were conducted on 3/4 in. thick by 6-ft wide semi:-
killed steel plates (See Reference 6)0 
43 o 
44 o 
45 
46 
47 o 
48 o 
-12 
-12 
-20 
o 
-8 
o 
Tested on laboratory floor, 
no instrumentation; 56 in. 
brittle fracture. 
Plain plate with no residual 
strain field tested on 
laboratory floor; no frac-
ture. 
Complete brittle fracture; 
low fracture speeds record-
ed in central portion. 
Complete brittle ~racture; 
low fracture speeds record-
ed in central portion. 
25-in. brittle fracture; 
arrested in compressive 
strain region" 
36-in. brittle fracture; 
arrested in compressive 
strain region. 
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